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Square 2.54 x 2.54 cm stainless steel (316L type) coupons were used as the model food contact 135 substrate in this study. Coupons were polished to a mirror finish using automotive grade sand papers 136 and polishing compound. Coupons were analyzed using atomic force microscopy (AFM) in tapping mode 137 to characterize surface properties prior to use in experimentaiton. A Nanowizard II AFM (JPK 138 Instruments AG, Berlin, Germany) was used for all AFM analyses performed. For initial roughness 139 determination it was imperative that the coupons surface be clean. Because "clean" is focal point of the 140 research, it is important to note -in detail -this method. To achieve "clean" coupons, coupons (after 141 polishing) were cleaned using 2.0 % (wt./wt.) NaOH and distilled water at 80 °C under agitation for 1 142 hour. Coupons were removed and rinsed with 1.0 % (vol./vol.) aqueous solutions of HCl. Coupons were 143 subsequently soaked in hexane for 5 minutes and then acetone for another 5 minutes. All solvents were 144 HPLC grade solvents purchased from Fisher Scientific LLC. After removal from acetone, samples were 145 allowed to air dry and were then analyzed using the AFM. A 100 x 100 μm area was scanned with a 512 x 146 512 resolution. Cross sectional analysis was completed using JPKSPM Image Software. Surface 147 roughness (R a ), root mean square roughness (R q ) and peak to valley roughness (R t ) was determined for 148 all coupons used in this study. Results for initial surface characteristics are: R a = 95 nm (±17 nm), R q = 149 131(±26 nm) and R t = 744 (±142 nm). After AFM analysis, the coupons showed sufficient similarity in 150 roughness to justify their use in the present study. 151
Foulant deposition
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Whey protein concentrate (WPC) solutions were used as the model foulant to be adhered to the 153 stainless steel substrate. 10 % (wt./wt.) solutions of WPC (CARBALEC 35, Carbery, Ballineen, Co Cork, 154 Ireland) were created by blending WPC powder with distilled water at room temperature while being 155 stirred with a magnetic stir bar on a stir plate for an hour or until homogenous. Significant effort was 156 made to minimize aeration of the solution during the mixing/hydration stage to minimize foaming and 157 denaturation of the proteins in solution. 1 ml of the WPC solution was then pipetted on to the stainless 158 steel coupon and the coupon was then heated at 75 °C for 1 hour on a hot plate. This time and 159 temperature profile was used because it minimized bubble formation (because it was well below 100 °C) 160 and allowed gelation of the solution. The heating process induced gelation as well as dehydrated the 161 foulant on to the coupon surface. The coupons were then cooled to room temperature before exposure 162 to clean in place conditions. 163
Consistency of the initial foulant deposit was tested by checking the increase in coupon mass 164 after heating. Since 1 ml of 10 % (wt./wt.) solution was applied to each coupon, the increase in mass 165
should be around 0.1 g (solids in 1 ml). Results showed mass was increased 0.114 (±0.012) g. 166 2.3 Cleaning procedure 167 0.5 % (wt./wt.) solutions of NaOH were used as the clean in place (CIP) solution during this 168 study. 1000 g of solution was added to a 2 L (D = 6.25 cm) beaker and was stirred using a 4.5 cm stir bar 169 at 300 rotations per minute (RPM). The clean in place (CIP) variable of interest in this study was the 170 temperature of the caustic solution. Temperature and RPM was monitored and controlled by using 171
Adwin Scientific IKA heated stir plate (Adwin Scientific Direct, Schaumburg, Illinois, USA). Coupons were 172 exposed to 40, 55 and 70 °C cleaning solutions for varying periods of time by suspending the coupon in 173 the CIP solution using an attached string for exposure and removal to the solution. The coupon was 174 lowered so that the center face of the coupon was 0.06 m below the surface of the cleaning solutionM A N U S C R I P T
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with the coupon's back against the beaker wall. The temperature range was selected to ensure 176 significant separation of cleaning rates between the treatments. 177
To evaluate the flow conditions of the benchtop vessel, two approaches were utilized. Firstly, 178 the impeller Reynolds number (ܰ ோ ) was used to calculate turbulence level at each temperature 179 condition. ܰ ோ (Eq. 1) is calculated as; 180 The aim of this study was to characterize the removal of a foulant from a "visual" cleanliness 212 method. In order to complete such an investigation, analytical methods for determining visual 213 cleanliness had to be developed. Because dairy proteins naturally fluoresce, fluorescent microscopy was 214 used as a surrogate to create an analytical method for visual cleanliness. Fluorescent images ware taken 215 using a Leica digital microscope with a fluorescent light generator and digital filterset to look for 216 fluorescent light in the 410-420 nm range (Moro et al., 2001 ). Images were acquired using a XIMEA 217 MR285-MU (Ximea Corp., Golden, CO 80401, USA) at 10 times magnification using μManager software 218 as the camera controlling software. At this magnification, approximately 90% of the 2.54 x 2.54 cm 219 coupon was imaged, creating a macroscopic image of the coupon is its entirety. Significant effort was 220 M A N U S C R I P T
made to control all aspects of image acquisitions and microscope adjustments to ensure identical image 221 parameters for each acquisition. The 8-bit images were taken and subsequently analyzed using ImageJ 222 (Schneider et al., 2012) . 223
Clean vs. dirty 224
Cleanliness was determined by using the intensity of pixels in the 8-bit color space (256 shades 225 of grey). The histogram of color scores for a dirty coupon was achieved by imaging 6 coupons which had 226 been fouled by the aforementioned foulant deposition process. The fluorescent images were acquired 227 after a period of 30 s of exposure to fluorescent light to allow for stabilization of the photo bleaching. 228
Dirty coupons were evaluated in an identical manner but the coupon was cleaned using the same 229 solvent cleaning process from the substrate characterization process. Typical distribution frequency of 230 pixels for each of these can be seen in Fig. 1 . 231 Fig. 1 shows a clear separation between the clean and dirty coupons at an approximate color 232 value of 41 to 51. Distributions of "clean" and "soiled" coupons were produced from 6 replicates and the 233 grey value separating those distributions was determined (by evaluating the minimum of the sum of the 234 two normal distributions) to be 45. Therefore, any pixel with a color score of 45 or above was 235 considered to fluoresce bright enough that it would be considered "dirty" and any pixel with a score less 236 than 45 was considered to be "clean." There is a limitation in using fluorescence in that the intensity of 237 whey proteins decays with time (photo bleaching). Classifying pixels as soiled vs. clean after fluorescent 238 stabilization overcomes this issue. After the initial exponential decay (30 s) in fluorescent intensity (due 239 to photo bleaching) residue proteins still have significant intensity to have them identify as being "dirty." 240
This evaluation method created a binary response from individual pixels in each image. 241
Therefore, a complex image of various pixel intensities was converted in to only clean and dirty pixels. ImageJ was used to analyze the image and the percent area clean was calculated using Eq. 2. 243
Where A % is the percentage of area that is clean, n >45 is the sum total of the number of pixels in the 245 image with a color score of 45 or above and N represents the total number of pixels in the image. A 246 pictographic representation of the conversion of images from original image to percent clean can be 247 seen in Fig. 2.  248 
Mathematical modeling 249
Fluorescent microscopy results were used to develop predictive models for the removal of the 250 foulant from the stainless steel coupons. To model the removal, a sigmoidal function was selected as the 251 fundamental equation. This was chosen for the following reasons; 252
The method of cleaning used is based on color intensity rather than the thickness of foulant 253 in that pixel. Therefore, the process was predicted to have a larger induction cleaning period 254 where the foulant would be swelling and dissolving in to the cleaning solution (Mercadé-255
Prieto and Chen, 2006). During this swelling phase, this image analysis method would return 256 a 100 % "dirty" response, even if some amount of layer 'thickness' had been removed. 257
(ii) Secondly, if the swelling and dissolution of the foulant was evenly distributed over the 258 coupon surface, then once "clean" pixels were exposed they would increase in number at 259 some rate as a function of time. 260
Lastly, there would have to be an asymptotic decay towards 100% "clean" pixel, as that is 261 the only end point. 262
Therefore, the sigmoidal growth model first proposed by Gompertz (Gompertz, 1825) was used in this . In this case y max is equal to 100 % because 272 that is the maximum level of cleanliness so it is removed from the model. Therefore there are only two 273 parameter estimates needed to predict these sigmoidal functions from the fluorescent data; k and t m . 274
Experimental design & statistical analysis 275
The fluorescent microscopy investigation was completed using a completely randomized design 276 which included 3 temperatures and 6 levels of time for the 70 °C condition, 7 levels of time for the 55 °C Samples identified to have residual deposits from the surface topography were evaluated using 307 a force mapping approach. The goal of force mapping was to correlate non-uniformities in surface 308 M A N U S C R I P T
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topographies with non-uniformities in attraction and repulsion forces between the tip and the surface. 309
Confirmation of distinguishability between "clean" stainless steel and residual nano-deposits using force 310 mapping could verify the existence of residual deposits even when the topography failed to identify it. 311
For instance, if a small deposit was to reside between two peaks of the substrate, the region would 312 appear smooth and clean from a topography evaluation. But if the force of integration responded 313 differently to fouled regions, this method could identify the deposit in this scenario. 314
Force mapped samples were evaluated using the tipless version of the AFM tip used in the 315 surface topography evaluation. A 30 nm diameter stainless steel sphere (part # SSMMS-7.8 27-31um 316 0.2g, Copheric LLC, Santa Barbara, CA, USA) was adhered to the cantilever using two part epoxy and the 317 AFM controls. Again, 100 x 100 μm areas were mapped using 512 x 512 resolutions similar to what was 318 used in the surface topography evaluation. 319 3 Results & discussion 320
Fluorescent microscopy 321
Visual cleanliness determined by fluorescent microscopy results are presented in Fig. 3 . Overlaid 322 on the raw data are the Gompertz sigmoidal models. Parameter estimates and standard errors from 323 each of these models are presented in Table 1 . We can see that as the temperature of the cleaning 324 solution increases that the k value increases while t m decreases. It has been well studied that increased 325 
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because thickness of the deposit could not be correlated with fluorescent intensity due to photo 332 bleaching of whey proteins. Therefore, this research used a binary clean/dirty approach for images of 333 fouled surfaces. 334 Table 1: Table of The Gompertz sigmoidal growth model tended to fit the data quite well across the whole set with an 338 average percent standard error of 9.76 % and 1.7 % for k and t m respectively. The more interesting area 339 of the sigmoid occurs at or near the value of t m , where the error between replicates can be quite large. Using the results from Table 1 in the fluorescent microscopy portion of the research, the 358 exposure times needed to achieve 2 "levels of cleanliness" (99.0 and 99.9 %) for each temperature were 359 calculated using Equation 2. Table 2 shows these exposure times for the 6 variables (3 temperature and 360 2 levels of cleanliness) used for the surface topography and the force mapping completed using atomic 361 force microscopy (AFM). 362 Single image results for the surface topographies of each of these samples are presented in Fig.  366 4. Here we can see when compared to the clean stainless steel surface, many of the samples have 367 localized peaks which are up to 350 nm in height. These localized collections of peaks represent residual 368 nano-foulant material on the surface which is not detectable through fluorescent microscopy because of 369 its detection threshold being larger than AFM. Some interesting trends in residual deposit can be seen in 370 the surface topographies. If we look across the 90.0 % clean coupons, samples are almostM A N U S C R I P T
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indistinguishable from one another. The foulant islands in each of these maps are very similar in shape, 372 size and quantity. It is important to reiterate that these samples were exposed to cleaning solution for 373 very different period of times. The 40, 55 and 70 °C samples were exposed to 165, 65 and 45 s 374 respectively (as noted in Table 3 ). The results suggest that at the 99.0 % cleanliness level predicted 375 through fluorescence microscopy the removal rate parameters (k and t m ) hold true. 376
In contrast, when the topographies across the 99.9 % cleanliness level are compared, results 377 appear different. Although each time point here was predicated to have the same cleanliness, the 378 residual deposits on the surface increase with a decrease in temperature. Specifically, when looking at 379 the difference in surface topography between 99.0 and 99.9% clean at the CIP temperature of 40 °C, no 380 distinguishable difference in surface topographies can be identified, despite the predicted difference. 381
This suggests an alternative cleaning mechanism at the nano level during cleaning and removal of tightly 382 adhered deposits. Future work in this area should focus in investigating how the model changes as a 383 function of the scale at which CIP is working on. 384
Quantification of nano-deposits at this level proves significantly difficult. The variation in surface 385 topography of the stainless steel itself proves challenging to subtract out from the topographic images. 386 A Matlab tm code (V.R2013a, Mathworks inc., Massachusetts, USA) was developed using image 387 processing tools to convert AFM images to quantifiable values. The image extracted from JPKSPM 388 software was first converted to a black and white image and then converted to a binary image using a 389 threshold of 0.9. The thresholding value here needed to be set large enough that the peaks of the 390 stainless steel surface itself are removed. The binary image was processed in to morphological 391 structures using Matlab 'Strel' function to identify 'disk' objects in the binary image. The 'disks' were 392 then identified as foulant and percent cleanliness of each sample in the 100 x 100 μm area using Eq. 1 393 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT was estimated. Fig. 5 shows all the steps in this image process to extract quantitative data from the AFM 394 topographical results. Table 3 shows the average results (n = 2) of cleanliness values for each condition. 395 396 This particular method of quantifying residual foulant is analogous to the optical method 400 completed in the fluorescence microscopy portion of the study. As another form of a 2-dimensional 401 analysis, it can only detect how much surface area has foulant on it but not how tall said foulant is. 402
Further analysis using the AFM data height mapping should be the next step in quantification of nano-403 foulants on surface in a 3-dimensional approach. : 3-dimnesional projection of a height tract on 100 x 100 μm area (top) which was analyzed using AFM force mapping. The vertical deflection of the AFM cantilever during retraction at two points (bottom) are separately plotted.
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Highlights
• Fluorescence microscopy quantified visual surface cleanliness • Visual cleanliness fit a sigmoidal cleaning model for whey protein deposits • Atomic force microscopy was able to identify invisible deposits • Invisible deposits as small as 5 μm 2 could be identified
